The thermo-responsivity of PNIPAAm [poly(N-isopropylcarylamide)]-grafted PDMS [poly(dimethylsiloxane)] surface is a property that could be feasibly used for detaching cells adhered on the surface. We used benzophenone-initiated photopolymerization to graft PNIPAAm on PDMS substrates to construct the PNIPAAm-grafted PDMS surface and this PDMS surface was highly thermo-responsive. hMSCs (human mesenchymal stem cells) were used to analyse the proliferation and multi-differentiation of stem cells on the PNIPAAm-grafted PDMS surface. The results showed that hMSCs could adhere on the PNIPAAm-grafted PDMS surface at 37
INTRODUCTION
The stimuli-responsive surface has attracted increasing attention due to its potential for multiple applications in biological science and biological engineering. The stimuli-responsive surface is usually prepared by modification of substrate with environmentally sensitive polymer, known as 'smart polymer', which can respond to environmental stimuli such as temperature, pH, ionic strength, electric field etc. Of the various smart polymers used to prepare the stimuli-response surface, thermally responsive PNIPAAm [poly(N-isopropylcarylamide)] is one of the most popular because its LCST (lower critical solution temperature) is approx . 32 • C and therefore near body temperature. At a temperature below the LCST, the polymer chains are swollen and soluble, whereas the chains collapse and become insoluble at a temperature above the LCST [1] . This property has been utilized to prepare thermo-sensitive surfaces that can reversibly switch between hydrophilic and hydrophobic in response to the environmental temperature. PNIPAAm has been grafted on to substrates such as gold [2] and polystyrene [3] [4] [5] for cell culture.
PDMS [poly(dimethylsiloxane)] has been widely used as a biomaterial due to its attractive properties. Firstly, it is non-toxic to cells and therefore can be implanted in the body. Secondly, it has excellent oxygen permeability, which is a property that is lacking in most available materials. Thirdly, it is optically transparent above approx. 240 nm, making it compatible with a variety of optical detection and microscopy techniques. In addition, it can remain flexible and stable over a wide range of temperatures from −50
• C to +200 • C. Consequently, PDMS-based microdevices have been used for cell culture [6, 7] and cell-based drug screening [8] . Using benzophenone-induced photopolymerization [9] [10] [11] , we recently prepared a PNIPAAm-grafted PDMS surface that has a wettability which is reversible and controlled by environmental temperature [12] . In the present study, we designed a cell culture disk of PDMS grafted with PNIPAAm to investigate adherence and detachment under different temperatures, as well as the proliferation and differentiation potentials of stem cells.
During culture of bone marrow-derived hMSCs (human mesenchymal stem cells) on the PNIPAAm-grafted PDMS surface, we detected that hMSCs could adhere on the PNIPAAm-grafted PDMS surface at 37
• C and that these adhered hMSCs could be detached easily by lowering the temperature to room temperature of 20
• C without using any enzymatic agent. Although it is convenient for harvesting the adhered cells, however, the effects of PNIPAAm-grafted PDMS surface on the proliferation and multidifferentiation potentials of hMSCs were not clear. Here, the PNIPAAm-grafted PDMS surface was prepared, characterized and then used to analyse any of its effects on the proliferation and differentiation potentials of hMSCs.
MATERIALS AND METHODS

Preparation of PNIPAAm-grafted PDMS surface
The PDMS substrate was prepared by mixing PDMS precursor (Sylgard ® 184 silicone elastomer kit, Dow Corning) with curing agent in a 10:1 ratio by mass. After degassing, the mixture was evenly spread on a glass plate and cured at 75
• C for 1.5 h. The thickness of PDMS substrate was controlled by changing the volume of PDMS mixture required for preparation of a 100 cm 2 PDMS substrate. The cured PDMS substrate was cut into pieces (22 mm × 22 mm) and these samples of surface were used for grafting.
UV-induced grafting of PNIPAAm was conducted as described in [12] . Briefly, the PDMS substrate (thickness <1 mm) was immersed in a 20% (w/v) benzophenone (Acros Organics) and acetone mixture for 3 min, followed by washing with copious water. A PDMS sheet (22 mm × 22 mm × 3 mm) with a 16 mm internal diameter through-hole in the centre, serving as the solution reservoir, was reversibly sealed on to the benzophenone-treated PDMS substrate. Then an aqueous monomer solution containing 10% (w/v) NIPAAm (N-isopropylacrylamide, Acros Organics), 0.5 mM NaIO 4 and 0.5% benzyl alcohol (Lingfeng Chemicals Co.) was dripped into the reservoir. The PDMS assembly was put on a heat sink and irradiated with UV light emitted from a high-pressure mercury lamp (125 W) at a lamp-to-PDMS distance of approx. 7 cm for 25 min. During the photopolymerization, the temperature of the heat sink was kept below 20
• C by putting the heat sink on ice, this avoids the phase transition of the growing polymer chains. After grafting, the PDMS sheet, with the through-hole in the centre, was removed from the PDMS substrate. Then the PDMS substrate grafted with PNIPAAm was sequentially rinsed with copious de-ionized water, to remove unreacted monomer, and with acetone, to remove benzophenone. This PDMS substrate grafted with PNIPAAm was used for analysis of proliferation and multi-differentiation of hMSCs.
ATR (attenuated total reflection)-FTIR (Fourier transform infrared) spectroscopy and static drop-contact angle
The IR spectra of PDMS surfaces were measured with an ATR Nexus-670 apparatus spectrometer (Nicolet) under dry conditions. The spectra were recorded from 400 cm −1 to 4000 cm −1 at a 4 cm −1 resolution. Static drop-contact angles were measured using a JC2000C3 contact angle goniometer (Powereach). Approx. 5 μl of doubledeionized water was placed on the surface to be measured. Briefly, using a JC2000C3 hand-driven peristaltic pump (Powereach) double-deionized water was aspirated into the plastic pump tubing and delivered to the needle by manually driving the pump wheel. Thus a gradually growing water droplet hung at the tip of the needle. When the hanging droplet had grown to the extent that it was judged that it would soon fall from the tip (an enlarged image of the droplet is displayed on a nearby computer screen) manual pumping was stopped. Then, the platform with the sample was raised until the sample surface touched the hanging droplet. Thus the droplet (approx. 5 μl in volume) was dislodged from the tip on to the surface of the sample. The platform was then lowered into position for imaging with the goniometer camera. The contact angle was measured from the photographic image using the program provided by the manufacturer. The value reported for each condition was the mean of three individual samples, and three separate drops were measured on each sample.
Preparation of hMSCs
Human bone marrow samples were collected from healthy human donors (18-35 years old) under a protocol approved by Institutional Review Board. Each sample was washed twice and then suspended in PBS. The cell suspension was centrifuged over a Ficoll step gradient with a density of 1.077 g/ml (Accuspin System Histopaque-1077, Sigma-Aldrich) at 2000 rev./min for 20 min using the Centrifuge Sigma 3-15 (Sigma-Aldrich) with the Rotor Sigma 11133. The mononuclear cell layer at the Ficoll/plasma interface was aspirated, washed with PBS twice, and then suspended with hMSC medium [α-MEM (minimal essential medium α; HyClone) supplemented with 10% (v/v) FBS (fetal bovine serum, Gibco BRL), 100 units/ml ampicillin and 100 units/ml streptomycin (Life Technologies)] in a flask at a density of approx. 2 × 10 7 cells per 75 cm 2 . Cells were cultured at 37
• C in a 95% air/5% CO 2 atmosphere. 
Culture of hMSCs on PNIPAAm-grafted PDMS surface
hMSCs at passages 2-10, negative for haematopoietic markers [CD117, CD34, HLA (human leukocyte antigen)-DR and CD45] and positive for markers present in mesenchymal stem cells (CD29, CD44, CD105 and CD166), as previously described in [13] , were used for analysis of the effects of PNIPAAm-grafted PDMS surface on the proliferation and multi-differentiation potential of hMSCs. PNIPAAm-grafted PDMS sheets of 16 mm internal diameter were fitted into the bottom of wells on a 24-well plate (one sheet per well). To prevent the PNIPAAmgrafted PDMS sheets from floating upwards during cell culture, a small amount of PDMS precursor was used as 'glue' on the bottom of each well. The PDMS-assembled well plate was put on a hot plate to cure the 'glue', and then sterilized by UV light for 12 h. hMSCs were suspended in hMSC medium and maintained at a density of approx. 1.5 × 10 4 cells/ml. Cell suspension (1 ml) of was seeded into each well. Cell incubation was performed at 37
• C in a humidified 5% CO 2 atmosphere until the cells reached complete confluence. Then, the 24-well plate with cells was transferred from the incubator to room temperature (20 • C). When the cultured hMSC sheet detached from the PDMS surface, after 15 min at room temperature, the hMSC sheet was washed once with PBS and hMSCs were separated with 0.1% trypsin/0.5mM EDTA treatment by 1 min of gentle shaking. The harvested cells were counted using a haemacytometer. hMSCs at passages 2-10, with the same seeding density as described above, were cultured in the 24-well plate [each well had a 16 mm internal diameter and was coated with 0.1% gelatin (Guoyao Chemical Co.)] as a control experiment and harvested by 0.25% trypsin/1mM EDTA treatment at room temperature (20 • C) for 5 min. Images of cell morphology were taken with a light microscope (XDS-1A, Chongguang Optical Instrument Co.) fitted with a digital camera (DCM130, Wise Digital Tech. Co.). The viability of harvested cells was examined with 4% (w/v) Trypan Blue staining and expressed as the mean percentage of three samples.
Multi-differentiation of hMSCs on PNIPAAm-grafted PDMS surface
For adipogenesis, hMSCs with nearly 90% confluence were exposed to hMSC medium supplemented with 10 ng/ml IGF-1 (insulin-like growth factor 1), 100 μmol/l indomethacin, 1 μmol/l dexamethasone and 0.5 mmol/l IBMX (3-isobutyl-1-methylxanthine, Sigma-Aldrich) for 21 days. Medium was changed every 3 or 4 days. After induction for 3 weeks, cells were washed with PBS, fixed with 10% formaldehyde for 10 min, and stained with Oil Red O for 2-3 h. Then, cells were washed with 60% propan-2-ol and PBS, and observed under a light microscope. The Oil Red O solution was prepared by mixing three parts of stock solution (Sigma-Aldrich) with two parts of water and filtering through a 0.2 μm filter. The absorbance value of lipid vacuole accumulation was detected according to Green and Kehinde [14] . Briefly, cells stained with Oil Red O were treated with 100% propan-2-ol for 1 h to separate the Oil Red O solution. Then, the Oil Red O solution was collected and used to determine the absorbance of triacylglycerol at 510 nm.
For analysis of osteogenesis, hMSCs with nearly 90% confluence were exposed to hMSC medium supplemented with 0.1 μM dexamethasone, 10 mM β-glycerophosphate and 52 mg/l vitamin C for 14 days. Medium was changed every 3 days. After induction for 2 weeks, cells were washed with PBS, and then assessed the ALP (alkaline phosphatase) activity was assessed as described in [15] . ALP activity was detected using an Olympus AU2700 Chemistry Immuno Analyzer (Olympus American) using a pNP (p-nitrophenol) colorimetric assay.
The neuronal differentiation protocol was modified from the previously published method described in [16] . hMSCs at 70-90% confluence were cultured in pre-induction medium [α-MEM, 10% (v/v) FBS and 1 mM 2-mercaptoethanol (SinoAmerican Biotechnology)] for 24 h before neuronal induction. To induce neuronal differentiation, the pre-induction medium was removed, and then cells were washed with PBS and exposed to medium consisting of α-MEM with 2% DMSO, 200 μM BHA (butylated hydroxyanisole), 1 μM hydrocortisone, 10 ng/ml IGF-1 and 0.5 μM ATRA (all-trans-retinoic acid, Sigma-Aldrich). Induced cells were processed for morphological observation, immunocytochemistry and real-time PCR [17, 18] . For immunocytochemistry, induced cells at 6 day post-induction were fixed in 4 % (w/v) paraformaldehyde (Sigma-Aldrich) for 15 min, rinsed with PBS, and blocked with 10% BSA (Atlanta Biologicals) for 30 min. Fixed cells were incubated in 10% BSA with a rabbit polyclonal anti-NSE (neuron-specific endolase) antibody (1:400, Boster) at 4
• C overnight. Then, cells were incubated for 1 h with secondary antibody (Abcom) and stained using DAB (diaminobenzidine, BioVision). Labelled cells were visualized using reflected light fluorescence microscope or light microscopy and images were generated using Adobe Photoshop software (Adobe Systems). For real-time PCR, total RNA was isolated using TRIzol ® (Invitrogen) according to the manufacturer's instructions. The quality of RNA was examined by gel electrophoresis. Random-primed cDNA was synthesized from 1 μg of total RNA using the Sensiscript RT Kit (Invitrogen). Real-time PCR was performed using a GeneAmp 5700 Sequence Detection System (Applied Biosystems). SYBR Green I reaction was performed by a standard protocol recommended by the manufacturer. The mixture contained 25 μl of 2 × SYBR Green Master Mix (Applied Biosystems), 300 nM each of forward and reverse primers, and 1 μl of cDNA (10 ng). Each sample was run in triplicate. The thermal profile for PCR was 50
• C for 2 min and 95
• C for 10 min, followed by 35 cycles of 94
• C for 25 s, 58
• C for 30 s and 72
• C for 20 s. Primers were designed using Primer Express 1.0a software (Applied Biosystems) and sequences are as follows: nestin,
5 -GGC AGC GTT GGA ACA GAG GTT GGA -3 (forward) and 5 -CTC TAA ACT GGA GTG GTC AGG GCT-3 (reverse); NSE, 5 -AAG GAC AAA TAC GGC AAG GA-3 (forward) and 5 -TGG ACC AGG CAG CCC AAT C-3 (reverse); GAPDH (glyceraldehyde 3-phosphate dehydrogenase), 5 -TGA AGG TCG GTG TCA ACG GAT TTG GC -3 (forward) and 5 -CAT GTA GGC CAT GAG GCT CAC CAC-3 (reverse). Following PCR, the data were analysed using GeneAmp 5700 Sequence Detection software. For each sample, the amplification plot and the corresponding dissociation curves were examined. The specificity of the amplified product was monitored through examination of the melting curve and the melting peak of the product. The absence of non-specific amplification was confirmed for each gene by analysing the PCR amplification products by agarose gel electrophoresis. To estimate mRNA expression, calibration curves were made from the measured fluorescence of the dilution series of the control cDNA, to create the same amplification curves. The concentrations of unknown product were then calculated from the standard values. GAPDH mRNA was used as a housekeeper gene to normalize all threshold cycle measurements for the other products. The result was shown as the concentration ratio of PCR product to that of GAPDH mRNA.
The induction of hMSCs cultured in the 24-well plate coated with gelatin into adipocytes, osteoblasts and neurocytes were used for control experiments.
Statistical analysis
Results are expressed as the means + − S.E.M. and statistical comparisons were performed using the Student's t test by the software GraphPad Prism 5.0 demo (GraphPad Software). P < 0.05 was considered statistically significant.
RESULTS
Characterization of the PNIPAAm-grafted PDMS surface
The PDMS substrates (of thickness <1 mm) were immersed in a 20% (w/v) benzophenone/acetone mixture for 3 min before the photopolymerization of the NIPAAm monomer on the benzophenone-treated PDMS surfaces by UV light. The benzophenone adsorbed, or entrapped, on the PDMS surfaces serves as the initiator for this UV-induced polymerization. We observed that the PNIPAAm-grafted region became uniformly opaque and light grey in colour ( Figure 1A ) and the thickness of the grafted PNIPAAm was approx. 5 μm. As described by Goda et al. [19] , the PNIPAAm is grafted on to PDMS by covalent bond formation. The benzophenone adsorbed on the PDMS substrate exhibits a well-known photochemical reaction where the benzophenone is excited to the triplet state; this extracts a hydrogen atom from the methyl group of the PDMS substrate to produce polymer radicals capable of initiating graft polymerization of NIPAAm.
ATR-FTIR spectrometry was used to characterize the changes of groups in the surface moieties of the PDMS before and after PNIPAAm grafting. By comparing the ATR-FTIR spectrum of a PNIPAAm-grafted PDMS sheet with that of a pristine PDMS sheet, two strong peaks, at approx. 1660 nm −1 and ∼1550 nm −1 , were found in the spectrum of PNIPAAm-grafted PDMS sheet and did not appear in the spectrum of pristine PDMS [12] . The two new peaks can be obviously assigned to the C=O stretching vibration and the N-H deforming vibration, caused by the amide group of the grafted PNIPAAm molecules. There was a weak, but broad peak, at approx. 3300 nm −1 in the spectrum of the PNIPAAm-grafted PDMS that can also be attributed to the N-H stretching vibration of the grafted PNIPAAm molecules [12] . These ATR-FTIR spectrum characteristics clearly indicate that the PNIPAAm has been grafted on to the surface of the PDMS substrate.
The wettability of the pristine and PNIPAAm-grafted PDMS substrates at the temperatures below and above the LCST of PNIPAAm was compared by measuring the static contact angles. As can be seen in Figure 1(B) , the contact angles for pristine PDMS were approx. 100
• , either at 20
• C or at 50
• C, demonstrating that the pristine PDMS has a temperature-independent hydrophobic surface. However, the wettability of the PNIPAAMgrafted PDMS surface was thermally switchable. The contact angle was 38 + − 2
• at 20 difference in contact angles between the high and low temperatures was 53
• , significantly larger than that of other PNIPAAmgrafted materials such as glass [20] , silicon [21, 22] and polystyrene [23] . The change of wettability is compatible with a transition of the grafted polymer from a highly hydrated to a collapsed coil-like state. Tests also showed that, at the temperatures ranging from [15] [16] [17] [18] [19] [20] • C, the contact angle on the modified surface did not significantly change. With the temperature rising from 20-32
• C, the contact angle almost linearly increased from 38
• up to 91
• , and then levelled off (results not shown). Thus the phasetransition process was completed within a temperature range of approx. 12
• C, which was much wider than that displayed by the PNIPAAm gel solution (2-3
• C around 32 • C). Similar phasetransition behaviour has been reported for the PNIPAAm coated on to glass surface [20, 24] .
Proliferation potential of hMSCs on the PNIPAAm-grafted PDMS surface
hMSCs at passages 2-10 were cultured on the PNIPAAm-grafted PDMS surfaces and surfaces coated with gelatin to measure the proliferation of hMSCs. It was observed that the hMSCs had adhered on to the PNIPAAm-grafted PDMS surface at the temperature of 37
• C for 1 night. hMSCs on both culture surfaces had similar colony formation and cellular morphology. hMSCs firstly formed isolated colonies after initial plating (Figure 2A ) and then these adherent cells grew in typically fibroblastic or spindle shape. As cells approached confluence, they became more spindle-shaped, and displayed fibroblastic morphology ( Figure 2B ). The proliferation rates (the increase in number of cells per day) of hMSCs, for different passages, in both culture surfaces is shown in Figure 2 (C). The proliferation rate of hMSCs increased gradually from passage 2 to passage 5 and reached its peak at passage 5, and then decreased gradually until passage 10. There were no significant differences of proliferation rates between hMSCs culture on both culture surface (P > 0.05).
After the PNIPAAm-grafted PDMS assembly with the confluent hMSCs was moved from the incubator to the platform of the inverted microscope at room temperature (20 • C), cells began to contract, and cultured hMSC sheets began to detach from the PDMS surface after approx. 15 min. All of hMSCs adhered on the PDMS surface could be harvested, as a cell sheet, by changing temperature, and could then be separated into single circular cells by a low concentration of trypsin-EDTA for 1 min. In contrast, hMSCs cultured in the 24-well plates coated with gelatin had to be detached by a higher concentration of trypsin-EDTA for 5 min. The mean survival rate of hMSCs in the harvested cells from the PNIPAAm-grafted PDMS surface was 97.2 + − 2.6%, and that of hMSCs in the harvested cells from the gelatin-coated surface was 75.7 + − 9.2%. The viability of hMSCs from the PNIPAAmgrafted PDMS assembly was also significantly higher than that from the 24-well plate coated with gelatin (P = 0.014). The detaching of cells by the longer time of treatment with a higher concentration trypsin-EDTA therefore resulted in the death of some hMSCs. This result demonstrates that there is the potential for PNIPAAm-grafted PDMS substrates to have an application in microchip-based cell culture and cell-based assays.
Multi-differentiation potentials of hMSCs on the PNIPAAm-grafted PDMS surface
hMSCs at passage 3, 5, 7 and 9 were used for analysis of multidifferentiation potentials. hMSCs with nearly 90% confluence on the PNIPAAm-grafted PDMS surface and in the 24-well plate coated with gelatin were exposed to adipogenic induction medium. Lipid vacuole accumulation was detectable in cells on both culture surfaces after 3-4 days. After 3 weeks of induction, Oil Red O staining showed lipid vacuoles, stained an orange/red colour, which demonstrated the committed differentiation of hMSCs into adipocytes ( Figure 3A) . The absorbance values of lipid vacuole accumulation were measured to analyse differences in adipogenic potentials between hMSCs on both culture surfaces. Absorbance values of lipid vacuole accumulation of induced cells on the PNIPAAm-grafted PDMS surface were not significantly different from those on the gelatin surface (P > 0.05) ( Figure 4A ). hMSCs cultured on both surfaces were induced by the osteogenic medium for 14 days to determine their osteogenic potential. Induced cells were stained using the modified Gomori calcium-cobalt method [24a] . Analysis of the osteogenic potential showed that hMSCs cultured on the PNIPAAm-grafted PDMS surface had osteogenic potential ( Figure 3B) . The pNP colorimetric assay showed that ALP activities in the induced cells on the PNIPAAm-grafted PDMS surface, compared between parallel passages, were significantly higher than those in the induced cells on the gelatin surface (P < 0.05) ( Figure 4B ).
Under culture with neuronal induction medium, hMSCs became bipolar, multipolar and tapering, and then intersected in a network structure. After induction for 24 h, hMSCs with fibroblastic shape transformed and displayed morphological features typical of neural progenitor cells with refractile cell bodies and short branching processes. Real-time PCR demonstrated the high expression of nestin and the low expression of NSE in induced cells on both surfaces (Figures 4C and 4D) . After induction for 6 days, induced cells prolonged their branching processes and had grown cone-like terminal structures. Immunocytofluorescence analysis of cells induced for 6 days revealed the expression of NSE in induced cells ( Figure 3C ). Further real-time PCR demonstrated the increasing expression of NSE and the decreasing expression of nestin, which revealed that hMSCs had neuronal characteristics (Figures 4C and 4D) . There was no significant differences in expression of nestin and NSE in hMSCs cultured on the PNIPAAm-grafted PDMS surface and the gelatin surface (P > 0.05).
DISCUSSION
The adhesion and detachment of adherent cells on their support is a critical issue for their cultivation because it has a bearing on their proliferation, differentiation, deposition and collection. Therefore many protocols have been developed to control the interaction of adherent cells with their support. One key procedure is how to detach of cells from cultivation dishes for their further use [25] . Coatings of thermo-responsive polymers have successfully been tested for triggering the gentle detachment of cells [4, [26] [27] [28] . These polymers show a phase transition between . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 4
Multi-differentiation potentials of hMSCs on PNIPAAm-grafted PDMS substrates hMSCs at passage 3, 5, 7 and 9 on PNIPAAm-grafted substrates and gelatin-coated surface were all induced in adipogenic medium, osteogenic medium and neurogenic medium. a collapsed coil-like state above their LCST and an extended, highly hydrated state below their LCST. Cells only adhere well to these substrates when they are above the LCST, and not when they are below it. With such a polymer it is possible to harvest cells non-invasively from a cell culture substrate without enzymatic treatment. Various co-polymers of PNIPAAm are used as cell culture carriers and their potential for the preparation of transferable cell sheets has been previously tested (reviewed in [29] ). Benzophenone photo-initiator has been reported to play a key role in the photo-induced surface polymerization [9, 10] . A benzophenone solution incubated with PDMS will diffuse into the PDMS. Then, on UV-irradiation, the photo-initiator adsorbed on the surface of PDMS generates radicals that accelerate the rate of photo-polymerization of monomers on the PDMS surface relative to those in the solution, so that the PNIPAAm [11] or PAA [poly(acrylic acid)] [9, 10] could be grafted on the PDMS surface. The chains of the grafted PNIPAAm were thought to be covalently bonded to the PMDS networks [19] . In our previous study [12] , PNIPAAm was difficult to graft on to the thick PDMS substrates using a short time of benzophenone treatment. The failure of PNIPAAm grafting on thick PDMS substrates was attributed to the lack of enough photo-initiator on the surface of the thick PDMS substrates [12] . Therefore, the PNIPAAm-grafted PDMS substrates with <1.0 mm thickness were used in the present cell culture experiment.
A series of studies on application of PNIPAAm-modified surfaces on cell culture have been reported by Okano and co-workers [3] [4] [5] [30] [31] [32] . These authors report that cells can adhere on to modified surfaces and propagate therein at the temperatures above the LCST, and the confluent cell sheet could be detached from the surface by lowering the temperature of the culturing medium down to below the LCST without enzymatic treatment. Since then, various PNIPAAm-modified substrates such as glass, PET [poly(ethylene terephthalate)] [33] and gold [2] have been used for cell culture as the cell viability is affected less by the non-invasive harvest technique. PDMS, which has unique merits, as described in the Introduction, has also been widely used to prepare microdevices for cell culture and cell-based bioassays or drug screening [6] [7] [8] . However, little work on thermal responsive polymer-modified PDMS for cell culture or cell-based assays has been reported. In our previous study [12] , we examined the possibility of using a PNIPAAm-grafted PDMS surface for cell culture and harvest using osteoblast cells as a model. It was observed that the osteoblast cells had adhered on to the non-protein-coated and PNIPAAm-grafted PDMS surface at 37
• C after 1 night, and had spread to cover the whole surface within 3 days. When these cultures on PDMS substrates was moved from the incubator to room temperature (20 • C), cells began to contract, and the cultured osteoblast sheets began to detach from the PDMS surface after 15 min. This preliminary test clearly demonstrated the potential for the PNIPAAm-grafted PDMS to be applied to cell culture and cell-based assays.
Bone marrow-derived hMSCs are a subset of multipotential precursor cells. hMSCs express several surface epitopes and the majority of the cells are in the G 0 /G 1 phase [34] . They are notable for their ability to self-proliferate and differentiate along multiple lineage pathways, including the bone, cartilage, adipose and muscle pathways [14, [35] [36] [37] , with further studies showing that the cultured hMSCs also have the potential to differentiate into neural cells [16] [17] [18] 38] . hMSCs can be easily isolated, cultured and expanded in vitro because of their adherent characteristics. hMSCs may also be of use in the treatment of a diverse variety of clinical conditions [39, 40] . However, as a population of adherent cells, hMSC culture involves harvesting the cells from their support, after confluence, for further use. Trypsination is still the most commonly used method for this step, but this is invasive. Although most of hMSCs do tolerate the partial enzymatic digestion of their membrane proteins involved, it is unclear how, and to what extent, the cells are affected when exposed to the enzyme as its effect has not been properly evaluated. The present study shows that harvesting cells by trypsination (with a longer treatment time of a high concentration of trypsin-EDTA) resulted in approx. 25% mortality of the harvested hMSCs and that this was significantly lower than that of hMSCs harvested from the PNIPAAm-grafted PDMS surface by a gentle detachment protocol. This result demonstrated that it is feasible to use a PNIPAAm-grafted PDMS surface in hMSC culture for the gentle detachment.
However, a good culture protocol also should be taken into account of adhesion, proliferation, differentiation, as well as gentle harvesting of cells, especially for stem cells. Many previous studies demonstrated that cells, such as endothelial cells [3, 41, 42] , could propagate on a PNIPAAm-modified polystyrene surface at a temperature above LCST. These cells could attach, adhere, spread, proliferate and reach confluency on the PNIPAAmgrafted surface, as well as maintain highly differentiated cell functions compared with similar cells recovered by trypsin treatment. However, there were few studies that reported on the effects of the proliferation potential and biological functions of cells cultured on PNIPAAm-modified PDMS surface in comparison with cells on a non-grafted surface. In standard protocols for hMSC culture, the support for hMSC adhesion, such as the bottom of a well-plate or disk, is coated with gelatin or collagen. In the present study, we compared the proliferation potentials of hMSCs on a PNIPAAm-grafted PDMS surface with those on a gelatin-coated surface. The results demonstrate that there was the same proliferation potential of hMSCs on the PNIPAAm-grafted PDMS surface as that on the gelatin-coated surface, and therefore the PNIPAAm-grafted PDMS substrates are candidates for culture devices for hMSCs.
The multi-differentiation potential is an also an important biological characteristic of stem cells. The effects of supporting surface on the multi-differentiation of stem cells also reflect biological compatibility that is of much importance for tissue engineering. Here, although there was no significant difference on adipogenesis and neurogenesis between hMSCs cultured on the PNIPAAm-grafted PDMS surface and the gelatin-coated surface, it was interesting that the PNIPAAm-grafted PDMS surface appeared to promote the osteogenesis of hMSCs. The osteogenesis of hMSCs is related to the ECM (extracellular matrix) organization as the supporting surface may have effects on FAK (focal adhesion kinase) in the cell membrane and on the intracellular skeleton and the MAPK/MEK (mitogen-activated protein kinase/extracellular-signal-regulated kinase kinase) branch of the signalling pathway via the ECM binding to intergrins on the cell surface [43] . The MAPK pathway regulates the activity of Runx2 (runt-related transcription factor 2), which is known to be essential for the differentiation and development of osteoblasts [44] [45] [46] [47] . The mechanism by which the PNIPAAm-grafted PDMS surface affected the osteogenesis potential of hMSCs needs to be studied further, but it could be potentially valuable to use the PNIPAAm-grafted surface as the support for bone-tissue engineering.
Conclusions
The work in the present study showed that the viability of hMSCs harvested from the PNIPAAm-grafted PDMS surface by gentle detachment was significantly higher than that of hMSCs harvested from the gelatin-coated surface by a higher concentration of trypsin-EDTA. hMSCs on the PNIPAAm-grafted PDMS surface had the same proliferation potential as that on the gelatin-coated surface. Therefore the PNIPAAm-grafted PDMS surface could be used for hMSC culture, for gentle detachment protocols and high viability of hMSCs. The PNIPAAm-grafted PDMS surface can promote the osteogenesis of hMSCs. Although the mechanism by PNIPAAm-grafted PDMS surface affected the osteogenesis of hMSCs is undetermined, the PNIPAAm-grafted surface could be considered for use in bone-tissue engineering based on hMSCs. 
